Abstract. The extension of the functional capacity of geographic information systems (GIS) with tools for statistical analysis in general and exploratory spatial data analysis (ESDA) in particular has been an increasingly active area of research in recent years. In this paper, two operational implementations that combine the functionality of spatial data analysis software with a GIS are considered more closely. They consist of linkages between the S-PLUS software for data analysis and two di¨erent GIS implementations, the ArcView desktop system, which is mostly vector-oriented, and the primarily rasterbased Grassland open GIS environment. We emphasize conceptual and technical issues related to the software implementation of these approaches and suggest future directions for linking spatial statistics and GIS.
Introduction
With the increasing sophistication and accessibility of commercial geographic information systems, desktop software applications like ESRI's ArcView GIS have become common tools for viewing and analyzing many aspects of spatial data. In spite of these advances, however, most GIS packages still o¨er little in the way of statistical analysis, and state-of-the-art spatial statistical methods, in particular, have not been incorporated into their commonly provided spatial analytical toolboxes.
Nevertheless, the integration of spatial statistical methods and GIS has been an active topic of research in both the academic and commercial GIS communities, as evidenced by a growing number of publications on the topic, starting with Goodchild (1987 Goodchild ( , 1992 , and, more recently, including among others, Fischer and Nijkamp (1993) , Fotheringham and Rogerson (1994) , Painho (1994) , Fischer et al. (1996) and Fischer and Getis (1997) . Several conceptual outlines have been formulated dealing with the set of techniques that should be incorporated and how the linkage between GIS and statistical methods should be established, for example in Openshaw (1991) , Anselin and Getis (1992) , Goodchild et al. (1992) , Bailey (1994) , Haining (1994) , Openshaw and Fischer (1995) , and Anselin (1998) . Linkage strategies can be conceptualized as ways to combine the``traditional'' spatial analysis functionality of the GIS (e.g., spatial queries, bu¨ering, overlay) in a``GIS Module'' with spatial statistical and data analysis methods in a``Spatial Data Analysis Module'' (Anselin et al. 1993) . One suggested approach to combining these two modules into an overall framework for spatial analysis consists of incorporating elements of one into the other (a so-called encompassing strategy), such as the addition of GIS capabilities to a statistical software package, or the extension of a GIS with statistical functionality. The latter is typically not included in the standard software release but is made possible by taking advantage of macro or script languages supported in the GIS software. Familiar examples include the use of AML (Arc Macro Language) for Arc/Info and the Avenue script language for ArcView to extend the functionality of a GIS with EDA tools (Batty and Xie 1994; Anselin and Bao 1997; Zhang and Gri½th 1997) or descriptive spatial autocorrelation statistics (Ding and Fotheringham 1992; Bao et al. 1995; Can 1996) . The advantage of such an approach is that the added functions are fully integrated into the familiar GIS data model and user interface. However, the scripting environments are somewhat limited in terms of the size of data sets that can be handled, and often seriously de®cient in terms of speed.
Another strategy consists of developing an e½cient linkage between existing commercially available GIS and statistical software packages. A number of taxonomies have been suggested to implement such linkages, for example loose coupling vs. seamless coupling, unidirectional vs. bi-directional links, and static vs. dynamic links (for reviews, see, e.g., Anselin and Getis 1992; Goodchild et al. 1992; Anselin et al. 1993; Symanzik et al. 1994 Symanzik et al. , 1996 Symanzik et al. , 1998 Anselin 1998 ). There are now several examples of such approaches, developed in academic environments (e.g., Farley et al. 1990; Williams et al. 1990; Symanzik et al. 1994 Symanzik et al. , 1996 Symanzik et al. , 1997 Anselin and Bao 1997; Bao and Anselin 1998) , as well as in the commercial sector (e.g. the S-PLUS/GIS links, MathSoft 1996a) .
In this paper, we review some recent extensions that deal with the integration of the statistical and spatial statistical functionality of the S-PLUS software (MathSoft 1997a) with the ArcView (ESRI 1996) and Grassland (L.A.S. 1996a) GIS, respectively. Both approaches are based on a concept of seamless linkage between the software packages, but they are implemented by means of di¨erent techniques. In the remainder of the paper, we brie¯y de-scribe the overall architecture, linkage mechanism and operational implementation for each of these approaches and provide simple illustrations by means of an empirical example. We close with a comparison of the relative merits of the linkage strategies and some thoughts on future developments.
S-PLUS for ArcView
The link between S-PLUS and ArcView is an extension and implementation of the prototype suggested in Anselin et al. (1993) . The ArcView GIS serves as the visualization engine, while S-PLUS is used for spatial data analysis. The main objective of the interface is to provide a comprehensive and e½cient tool for spatial data analysis that can be accessed from within a GIS environment.
S-PLUS (MathSoft 1997a) is a modern object-oriented language and system for multi-purpose data analysis with over 2,000 functions. It provides powerful capabilities for graphical data analysis and statistical modeling. The optional module SSpatialStats (MathSoft 1996b) provides additional analytical functionality to handle geostatistical data, lattice data, and point data, such as variogram estimation, kriging, Moran's I statistic, and the estimation of spatial regression models.
ArcView is currently one of the most popular desktop GIS software environments, primarily geared to the manipulation of vector data. ArcView can easily be customized by means of scripts written in the object oriented Avenue script language (supported by ArcView 2.1 and higher) and has recently been extended with optional modules for the analysis of raster data (Spatial Analyst extension), network data (Network Analyst extension) and threedimensional data (3-D Analyst extension).
Architecture
S-PLUS for ArcView is characterized by the following features: (1) a seamless integration of S-PLUS with ArcView; (2) access to the full range of S-PLUS functions; and (3) a graphical user interface that hides the full complexity of the linkage mechanisms.
The interface between ArcView and S-PLUS is based on a close coupling approach by means of a bi-directional linkage, as illustrated by the data¯ow chart in Fig. 1 . Data are passed between the two environments using an automation technique. Speci®cally, attributes and spatial information, along with the S-PLUS commands for analysis, are moved from ArcView to S-PLUS, and location-speci®c results are passed back to ArcView for visualization. Types of spatial information include X-Y coordinates (e.g. points or polygon centroids), as well as topological information on the spatial arrangement of selected points or areal units (such as spatial neighbor contiguity). Spatial neighbor objects must be constructed explicitly from the locational information in ArcView shape ®les, and are stored in the S-PLUS workspace. Location-speci®c results, including estimated values from kriging, spatial regression, and local spatial statistics, can be integrated with ArcView tables. S-PLUS graphs are incorporated into layouts, for output with other ArcView elements in the usual fashion.
Linkage mechanism
S-PLUS for ArcView is implemented as an``extension'' to the standard ArcView GIS software. The customary user interface is augmented with two new menus and user interaction is carried out by means of a set of dialogs, constructed using ESRI's ArcView Dialog Designer (ESRI 1997) . Each dialog invokes a number of Avenue scripts and C programs contained in a DLL (Dynamic Link Library). Once the S-PLUS extension is loaded into ArcView, the S-PLUS window is launched and a connection between S-PLUS and ArcView is established.
The linkage between S-PLUS and ArcView is dynamic and bi-directional. Data transfer occurs primarily between ArcView shape ®les and S-PLUS data frame objects. Within ArcView, selected ®elds and records are extracted from a shape ®le and exported to S-PLUS as a data frame object. Conversely, data from an S-PLUS data frame object can be imported into ArcView as a generic table and joined with a selected theme's attribute table. Spatial weight matrices are constructed using scripts that exploit the geo-locational information from ArcView shape ®les and are saved in S-PLUS as spatial neighbor objects, which can then be used in spatial statistical analyses such as spatial autocorrelation, local spatial association, and spatial regression. Similarly, results are saved in S-PLUS as data frame objects that can be imported into ArcView for visualization. Summary reports from S-PLUS analyses are 
Operational implementation of S-PLUS for ArcView
S-PLUS for ArcView is implemented primarily in the ArcView environment, by means of a set of Avenue programs that call special purpose functions included in a DLL (Dynamic Link Library) and that are associate with menu items (see Bao and Martin 1997) . Data export from ArcView to S-PLUS is carried out by packaging it into a SafeArray which can then be sent to S-PLUS via Automation. Once S-PLUS receives this data, it is written out to the current S-PLUS working directory. Conversely, data import from S-PLUS is implemented by creating a text ®le which is then added into ArcView as a new table and linked with the current ArcView attribute table. Two additional menus (S-PLUS and Spatial Statistics) with a total of ®fteen functions are added to the standard View window.
The S-PLUS menu consists of eleven functions divided into ®ve categories: (1) data transfer between ArcView and S-PLUS; (2) auxiliary manipulation of spatial information; (3) spatial data visualization; (4) linear regression; and (5) executing S-PLUS commands from ArcView.
The ®rst group of menu functions implements simple data transfer between ArcView and S-PLUS. To export data from ArcView to S-PLUS, users select a subset of records from the attribute table associated with the current theme or coverage. The selected ®elds and records are extracted from the shape ®les, and transferred to S-PLUS as a data frame object. Geographical information (such as X-Y coordinates for a point coverage and centroids for a polygon coverage) may also be included in the exported object. To import data from S-PLUS, users can select one or more columns from a given S-PLUS data frame. The selected data are imported into ArcView as a new table. Finally, an S-PLUS data frame containing X-Y coordinates may be imported into ArcView as a new point theme.
The second group of menu functions is used to create new character ®elds for selected records from the current theme table. With the Group Selected Records function, users can categorize records into several groups identi®ed by a new ®eld. The newly-created ®eld is joined with the current theme table, and can be exported to S-PLUS for further analysis. Similarly, the Add Indicator Field function allows numeric ®elds to be created, which can then be used in S-PLUS to subset observations or as a dummy variable in statistical analysis.
The third group of menu functions is used for visualization of spatial data and analytical results. Variables from S-PLUS data frame objects may be displayed in a GIS map using the Color Classi®cation and Spatial Bar/Pie Chart options. These functions are especially useful for comparing analytical results, such as ®tted values and residuals from classical or spatial regression analyses. In addition, the rich graphical features of S-PLUS can be accessed with the Import Graph function. S-PLUS graphs (e.g. histograms, boxplots, variograms and various 3-D graphs) can be imported into an ArcView layout, where they may be combined with ArcView maps and charts for output.
The Linear Regression function allows users to build a regression equation using variables from either the current ArcView theme or an S-PLUS data frame. A summary report of the regression is saved in a text ®le, and predicted values and residuals are saved in an S-PLUS data frame object, which can easily be joined to the current theme table.
Finally, the Execute S-PLUS Commands feature provides ready access to all S-PLUS commands from the ArcView environment. All S-PLUS objects are listed on this dialog window, and users can type in S-PLUS commands on the command line, or make use of several auxiliary button functions.
The Spatial Statistics menu contains four functions: (1) Spatial Neighbor; (2) Spatial Autocorrelation; (3) Spatial Association; and (4) Spatial Regression [See Bao and Martin (1997) and MathSoft (1998) for technical details].
The Spatial Neighbor function is designed to construct spatial neighbor objects (spatial weights) for ArcView shape®le data, to be used in S-PLUS spatial statistics and modeling. Spatial weights must be de®ned externally and saved in text ®les so that they can be imported into S-PLUS neighbor objects. The spatial weights can be constructed by using topological information (adjacency criteria) or geo-spatial distance (distance criteria) by means of Avenue's bu¨ering and spatial query functions. Several options are provided, such as First Order Neighbor Weights, Adjusted First Order Neighbor Weights (a combination of adjacency and distance criteria), and Higher Order Neighbor Weights. In addition, the Spatial Neighbor function provides several distancebased methods for both point and polygon shape®les. The user can specify distance values, using border-to-border or centroid-to-centroid measurement options. The distance units are speci®ed in the ArcView properties dialog.
The Spatial Statistics menus provide direct access to SSpatialStats functions such as such as spatial autocorrelation (Moran's I and Geary's C), spatial association (General Local Indicators of Spatial Association ± GLISA), and spatial linear regression. Spatial association options include General Local Moran and Local Geary by Bao and Henry (1996) , which are derived from the LISA statistic by Anselin (1995) . Spatial linear regression include three types of spatial error models (Cressie 1993): SAR ± Simultaneous Autoregressive Model (Whittle 1954), CAR ± Conditional Autoregressive Model (Bartlett 1971; Besag 1974) , and MA ± Moving Average Model (Cliä nd Ord 1981). The variables can be selected from either an ArcView theme table or an S-PLUS data frame object, but a spatial neighbor object must have been pre-de®ned and be consistent with the selected variables for those spatial statistics. The summarized results are output to text ®les and the estimates are saved in S-PLUS objects that can then be joined with an ArcView theme table for map visualization.
Illustration
Large-scale ecological studies often have an inherent spatial component, given that the independence of sampling locations throughout a landscape generally cannot be assumed. In such situations, an array of spatial data analysis and modeling tools are needed to model the interactions between spatiallydistributed variables, while controlling for this geospatial component. This constitutes an ideal area of application for an integrated GIS-spatial statistics framework.
To illustrate the application of the S-PLUS for ArcView interface, we brie¯y describe a study of the e¨ects of landscape-level urbanization patterns on breeding bird abundance (see also . Located in the Santa Monica Mountains, a coastal mountain range experiencing urban encroachment by the surrounding metropolitan Los Angeles, the study area represents a fragmentation gradient, increasing in urbanization from west to east (Fig.  7) . The Wrentit, a common chaparral bird, was selected for closer examination due to its high abundance levels and strong association with the chaparral vegetation type. In 1997, a randomly-selected set of chaparral-vegetated sites across the landscape was censused for birds and georeferenced with Global Positioning System (GPS) readings. Using a 1000 m radius, the urbanization proportion surrounding each site (point) was calculated from a GIS land use coverage and linked with the bird census data. The resulting point coverage was then converted to an ArcView shape ®le for analysis with S-PLUS for ArcView.
An important part of the exploratory analysis was to check for spatial autocorrelation in Wrentit abundance. With the Spatial Neighbor function provided by S-PLUS for ArcView, spatial weights were calculated for the set of points at neighborhood distances of 500 m, 1000 m and 2000 m, using the border-to-border distance option. The Spatial Autocorrelation function was then used to test for spatial dependence of Wrentit abundance, using Moran's I statistic. For each neighborhood distance used, these tests indicated a highly positive and signi®cant degree of spatial autocorrelation. In order to visualize the nature of this spatial autocorrelation, an empirical variogram was constructed from the Wrentit abundance data, using the S-PLUS Spatial Statistics module, which is accessed from ArcView via the Execute S-PLUS Commands feature. The resulting variogram (Fig. 8 ) increases somewhat linearly with distance, indicating the presence of a large-scale spatial trend or gradient, and suggesting non-stationarity.
Given the increase in urbanization from west to east, it was thought that the spatial trend in wrentit abundance might be attributable to surrounding urbanization levels. To assess the e¨ect of urbanization (URB1000) on Wrentit abundance (WREN), an ordinary least-squares (OLS) regression model was estimated, using the Linear Regression function in S-PLUS for ArcView. The results indicated a statistically signi®cant negative linear relationship between WREN and URB1000 (regression coe½cient À5:86, t-value À6:19, R 2 0:269), but the question remained as to whether the residuals (the model``error'' term) from this regression exhibit any spatial correlation. The empirical variogram for OLS residuals (Fig. 9) suggests an initial peak around 2000 meters (gamma A 2:0), and a maximum near 9000 meters (gamma A 3:0), after which the function steadily decreases. Depending on the underlying model, a theoretical variogram for the OLS residuals would have a Using the Spatial Linear Model (SLM) option provided by S-PLUS for ArcView, the spatial variability not encompassed by URB1000 was incorporated statistically, using a spatial autoregressive speci®cation for the error term based on a 2000 m spatial weight. Regression coe½cients for this model were similar to the OLS model coe½cients (regression slope of À5:782, t-value of À5:39), with an autoregressive parameter of 0.045 (for non-row standardized spatial weights), signi®cant at p < 0:01.
In summary, the statistical analysis and modeling illustrated the usefulness of an integrated GIS and spatial analysis framework to discover the complex spatial patterns in the relationship between Wrentit abundance and urbanization.
The SBGrassland Link
As with S-PLUS for ArcView, the main objective behind the SGrassland Link is to combine the functionality of the Grassland GIS with the statistical modeling and visualization capabilities of S-PLUS by means of a seamless integration or close coupling. In particular, the goal is to develop a product with a graphical user interface for statistical analysis of multilayer geo-spatial data such as raster, vector and associated attribute data, rather than being limited to a single layer. Grassland (L.A.S. 1996a) is a commercial, Windows-based version of the GRASS GIS, a command line-based GIS developed by the US Army CERL (USACERL 1993). The Grassland Graphical User Interface (GUI) was developed in the Sun Microsystems Tcl/Tk (Tool Command Language/Tool Kit) scripting language (Ousterhout 1994 ), a modular, open-architecture public domain programming language. All Grassland user interfaces are Tcl/ Tk scripts so that the user can modify and customize their application windows. Each Grassland infrastructure component has a corresponding Tcl extension loaded dynamically at boot time. Grassland provides a tool for the manipulation of raster and point data and several standard spatial analysis functions such as overlay, bu¨er zone analysis, and terrain analysis. In addition, it contains a powerful built-in map builder, such that the user can drag and drop overlays onto the map background to display rivers, tree cover, geological layers, topography, wildlife populations or any other GIS element to create fast, customized visual decision-assistance tools.
Architecture
The SGrassland Link is characterized by the following features: (1) a seamless integration of S-PLUS functions with Grassland; (2) an application of statistical analyses to both raster and vector data; and (3) an application of statistical analyses to multiple data layers.
In contrast to most other GIS software, Grassland implements interoperability by providing an URL (Uniform Resource Locator) connection to geospatial data sources using the OGDI (Open Geospatial Datastore Interface) technique for standardized access and transfer of geospatial data (L.A.S. 1996b). Provided as a C utility library by L.A.S., OGDI is an application programming interface (API) that resides between a GIS software package (the application) and various geodata products, to provide standardized geospatial access methods. OGDI uses a client/server architecture to facilitate the dissemination of spatial data over the Internet, and a driver-oriented approach to facilitate access to a variety of spatial data and formats. It handles the most important spatial data integration needs such as conversion of various formats into a uniform data model, adjustment of coordinate systems and cartographic projections, and retrieval of geometric and attribute data. Speci®cally, geospatial data are obtained by means of a speci®c data driver and moved into bu¨er memory, which can then be accessed through the utility functions provided by the OGDI library. The OGDI library in Grassland therefore allows an application to connect to any geographic``datastore'' (such as GRASS, Arc/Info, ADRG, VRF, and DTED) in a transparent manner.
The SAPI (Application Programming Interface), developed by MathSoft and provided as a C utility library starting with S-PLUS 4.0 (MathSoft 1997b (MathSoft , 1997c , allows S-PLUS to function as a server for a wide variety of clients. The SAPI provides a set of functions to allow simultaneous and uniform access to S-PLUS from multiple applications, possibly residing on heterogeneous machines that are connected via a network. It provides three categories of functions: control, messaging, and access. Control functions allow for administrative control of the client/server connection. Messaging functions pass commands and data to and from the S-PLUS server. Access functions make it easy for client programs to build S-PLUS commands and to ®ll and retrieve data from complex S-PLUS data structures. Clients can send data or commands to a speci®c S-PLUS server and receive the results of the requested calculations.
Built on the Tcl/Tk, OGDI and SAPI techniques, the linkage between Grassland and S-PLUS is a close coupling with a bi-directional conversation. Selected data are exported from Grassland to S-PLUS, and S-PLUS objects and functions are accessed directly from within the Grassland environment.
Linkage mechanism
The SGrassland Link is accomplished by means of several DLL utility functions. These include functions to export data and pass commands from Grassland to S-PLUS, and an S-PLUS data driver to access S-PLUS objects from within Grassland. The GRASS data can be retrieved and transformed into the S-PLUS object structure via the SAPI . The S-PLUS data driver is composed of Tcl/Tk script programs and C routines, which allows a URL connection to be established between Grassland and the S-PLUS workspace from within the Grassland Library window. Once a URL connection is established, S-PLUS objects and results from statistical analyses can be accessed directly from Grassland, which yields a truly dynamic link (for technical details, see Bao 1997) .
In Grassland, geo-spatial data types include Raster, Area, Point, Line, and Text. To make the S-PLUS object structure compatible with this GIS, several new types of spatial objects (or geo-objects) needed to be de®ned, such as Raster (an integer matrix object that contains the raster map information), Point (a data frame that contains the X and Y coordinates information and other attributes), Text (a single vector ± *.out ± that contains the attribute information or the results from an S-PLUS analysis), and Probability Map (pmap, an integer matrix object ± *.map ± that contains the predicted probabilities from a generalized linear regression analysis).
This interface also introduces the concept of an S-PLUS Geospatial Workspace (SGW), a subdirectory containing a series of S-PLUS work®les for spatial objects. Each SGW contains a special S-PLUS object ( À GRS) that holds the parameters for the geospatial reference information such as the projection and global boundaries. This special S-PLUS object is automatically created by the SGrassland interface. In addition to this global geospatial reference object, each individual S-PLUS spatial object also has an associated object (*.grs) that stores individual geospatial reference information.
Operational implementation of the SGrassland Link
The SGrassland link is integrated within the standard Grassland windows user interface. All new functions needed to establish the SGrassland Link are implemented by editing existing Grassland Tcl/Tk scripts and adding new menus to its Librarian and Mapviewer windows. A system diagram of the SGrassland Link is given in Fig. 10 . By applying the OGDI and the SAPI techniques, some new Tcl/C extensions (DLLs) needed to be developed for the interface. These introduce a number of new procedures in the Tcl interpreter, such as launching an S-PLUS window session, exporting GIS data from Grassland to S-PLUS, constructing spatial neighbor weight objects, and estimating a probability map by applying a general linear regression to sampled data from multiple selected layers.
Selected geographical data can be exported from Grassland to S-PLUS through either the Librarian or Mapviewer windows. Raster data are exported to S-PLUS as matrix objects, and the other geospatial objects (area, point and text data) as data frames containing X-Y coordinates and associated attribute data.
In the other direction, using the S-PLUS data driver speci®c to the Grassland/OGDI, S-PLUS objects can be accessed directly from Grassland via a URL connection established in the Librarian window in the usual fashion (using the Open Connection dialog in the File menu). All S-PLUS geospatial objects (Raster, Point, Text, Pmap) in the targeted workspace then become available to be dragged into the Grassland Mapviewer window for display.
Consequently, a user can export selected data from Grassland to S-PLUS, send commands to S-PLUS, and get results back from the statistical analysis for visualization. This link between the two processes is less transparent than the S-PLUS for ArcView interface and involves a number of explicit steps: (1) Fig. 10 . System diagram of the SGrassland Link identify a coverage (data layer) inside Grassland; (2) choose a region of interest (a sub-regional boundary); (3) open an OGDI data source via an URL connection; (4) extract a spatial coverage using OGDI; (5) establish a connection with S-PLUS; (6) transform the OGDI data structure to an S-PLUS object structure; (7) write the data to an S-PLUS work®le; (8) write the geospatial reference data to a related S-PLUS work®le; (9) write the global geospatial reference data to a S-PLUS object ( À GRS) in the case of a new SGW; (10) send S-PLUS commands to S-PLUS; (11) return the analytical results to Grassland; (12) close the URL connection; and (13) close the S-PLUS connection.
One important feature of the SGrassland Link is its open structure, which allows the interface to be customized by adding new menus or buttons for additional functionality. For example, the menu item dealing with Estimating a Probability Map, which has been added to Grassland's Mapviewer window, illustrates how statistical analyses can be applied to multiple data layers (see Fig. 11 ). Data are sampled from the selected point and raster layers and passed to S-PLUS as a data frame. A Generalized Linear Model (GLM) is applied to estimate a logistic regression equation, predicted values are obtained as a vector of probabilities, which is then converted into a matrix to be loaded into Grassland's MapViewer window for visualization as a raster map. The output also includes a histogram for predicted probabilities, regression reports, ANOVA reports, and a list of those observations with high probabilities. As before, the essence of the link is that the statistical operations are carried out by S-PLUS, while the GIS is used as a spatial visualization device.
Illustration
To illustrate the features of the SGrassland link, we apply the Probability Map function to a data set of archaeological developed by the U.S. Army Corps of Engineers, Construction Engineering Research Laboratories (CERL) for GRASS. There are 48 sample sites in the study region, 25 of which were classi®ed as archaeological sites. In addition, there are data on soils, streams, vegetation, elevation, roads and land use. The archaeological sites are stored as point data with binary attributes (one if classi®ed as a site, zero otherwise), while the other GIS data layers are stored as raster data.
The purpose of this illustration is to predict the location of potential archaeological sites by using the sampled site data and an estimated GLM with geographical attributes as explanatory variables, such as soil pH (see Fig.  12 ) and distance to streams (see Fig. 13 ). Grassland serves as the map viewer and spatial data manager from which the data and appropriate statistical commands are sent to S-PLUS. The resulting predicted probabilities are accessed directly from Grassland and viewed in the program's Map Viewer. In this example, all selected data layers are stored in the GRASS data format and loaded into the Grassland Map Viewer. The archaeological site data (archsites) are sent to S-PLUS, along with the attribute data. The latter are extracted from the raster data and converted to an S-PLUS object (data frame). Binomial general linear regression is applied to estimate the relationship between the presence of archaeological sites and the associated geographical attributes. The results suggest that the potential for ®nding an archaeological site is higher if the soil has a low pH value b À0:0901 or if the site is closer to streams b À0:4947, and both coe½cients were found to be signi®cant. To obtain probabilities for the location of potential archaeological sites over the entire region, all observations extracted from the raster data set are used to calculate predicted values, which are then converted into a matrix to constitute a probability map, as illustrated in Fig. 14 (this suggests a grouping into ®ve local areas labeled as 1±5 in Fig. 14) .
Comparison of linkage strategies
An important shared feature of the two approaches is the seamless link between S-PLUS and the GIS. This is accomplished by adding new menu items or buttons to the respective graphical user interfaces in the GIS, which convert data transfer (to S-PLUS), function execution (in S-PLUS) and data visualization into one-click operations, transparent to the user.
Both links also include the added functionality needed to construct spatial weight matrices based on the topology of the data in the GIS. An explicit implementation of this is required, since, in contrast to say Arc/Info, the intrinsic data models in ArcView and Grassland are non-topological.
A major di¨erence between S-PLUS for ArcView and the SGrassland Link lies in their technical implementation. S-PLUS for ArcView uses an automation technique, while the SGrassland Link is implemented using the combination of SAPI and OGDI. In addition to this distinction in design, this also results in operational di¨erences. For example, S-PLUS for ArcView will launch an S-PLUS window automatically when it is loaded, which may create more overhead than necessary, especially if the user only needs functions implemented in the extension. In the SGrassland Link, S-PLUS only functions as an utility library and runs in the background.
Secondly, all the S-PLUS for ArcView functions are based on data from a single layer (theme), while the SGrassland Link can be applied to multiple layers of information. Finally, S-PLUS for ArcView can only be applied to attribute data associated with points and polygons, while the SGrassland Link can be applied to spatial data in mutiple geospatial formats, such as point, polygon, and raster data.
Conclusions
The linkages between spatial statistical functionality and GIS outlined in this paper are still fairly rudimentary. They illustrate some important concepts, however. In order to establish an e¨ective linkage, it is necessary to develop e½cient formats and data structures that enable a bi-directional data exchange between the GIS and the statistical software. These data structures must respect the complexities incorporated in spatial data, such as location, projection and topology, as they are formalized in the existing GIS. Alternatively, new explicitly geospatial objects must be created, as in SGrassland Link. More importantly, to establish a real-time functional integration between the two software packages, an indirect conversation by means of loose coupling is clearly limited, at least in principle. Instead, the elegant solution obtained by the use of the OGDI techniques combined with the S-PLUS API provide the tightest possible coupling. In practice, however, one still needs to consider performance issues related to the communication between the packages, as illustrated by the many steps encompassed in a single menu item in the SGrassland GUI. Moreover, even in the S-PLUS for ArcView link, there is still a degree of loose coupling involved in order to transfer intermediate results (e.g., by means of Notepad) or data structures (to construct the Spatial Neighbor objects).
An altogether di¨erent issue pertains to the types of statistical techniques that are most e¨ectively included in an integrated framework. Clearly, the temptation will exist to use any technique that is available, even though many/ most standard statistical approaches (such as classical linear regression) become inappropriate in the presence of spatial autocorrelation, which is predominant in the spatial data sets manipulated by GIS. Instead of linking a comprehensive statistical (or spatial statistical) module with the GIS as a single piece of software, it may perhaps be more e¨ective to implement selected methods in small self-contained software components that can be invoked from within a GIS. Alternatively, selected GIS components could be added to the functionality of a statistical package using automation technologies such as ActiveX (e.g., MapObjects components). An API such as SAPI may provide the ®rst step towards such a decentralized approach that would allow the individual user to customize the spatial data analysis``toolbox'' for each application. In this respect, it still remains to be seen whether``traditional'' statistical packages such as S-PLUS and comprehensive GIS packages such as ArcView or Grassland will be the basis for the tools of the future, or instead become replaced by JAVA-based or similarly conceived free-standing webbased components. This constitutes a very promising area of future research.
